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ABSTRACT
A 5-km horizontal resolution regional ocean–sea ice–ice shelf model of the Ross Sea is used to examine the
effects of changes in wind strength, air temperature, and increased meltwater input on the formation of high-
salinity shelf water (HSSW), on-shelf transport and vertical mixing of Circumpolar Deep Water (CDW) and
its transformation into modified CDW (MCDW), and basal melt of the Ross Ice Shelf (RIS). A 20% increase
in wind speed, with no other atmospheric changes, reduced summer sea ice minimum area by 20%, opposite
the observed trend of the past three decades. Increased winds with spatially uniform, reduced atmospheric
temperatures increased summer sea ice concentrations, on-shelf transport of CDW, vertical mixing of
MCDW, HSSW volume, and (albeit small) RIS basal melt. Winds and atmospheric temperatures from the
SRES A1B scenario forcing of the MPI ECHAM5 model decreased on-shelf transport of CDW and vertical
mixing ofMCDW for 2046–61 and 2085–2100 relative to the end of the twentieth century. The RIS basal melt
increased slightly by 2046–61 (9%) and 2085–2100 (13%). Advection of lower-salinity water onto the con-
tinental shelf did not significantly affect sea ice extent for the 2046–61 or 2085–2100 simulations. However,
freshening reduces on-shelf transport of CDW, vertical mixing of MCDW, and the volume of HSSW pro-
duced. The reduced vertical mixing of MCDW, while partially balanced by the reduced on-shelf transport of
CDW, enhances the RIS basal melt rate relative to the twentieth-century simulation for 2046–61 (13%) and
2085–2100 (17%).
1. Introduction
The Ross Sea continental shelf and slope (Fig. 1) is
one of the few locations where Antarctic BottomWater
(AABW) is formed and exported to the World Ocean
(Orsi et al. 1999; Gordon et al. 2009; Budillon et al.
2011), and thus, processes that alter the formation of this
water mass affect the global thermohaline circulation
(Jacobs 2004; Lumpkin and Speer 2007; Marshall and
Speer 2012). Transport of relatively warm (.18C), saline
(;34.6) Circumpolar Deep Water (CDW) and cold
(often ,21.58C) and fresh (,34.3) Antarctic Surface
Water (AASW) onto the Ross Sea continental shelf is
important to the formation of shelf water (SW; a pre-
cursor to AABW) andAABW (Orsi et al. 2002; Gordon
et al. 2009; Orsi and Wiederwohl 2009). The input of
CDW also modifies the basal melt of the Ross Ice Shelf
(RIS; Jacobs et al. 1979, 1985; Smethie and Jacobs 2005).
Thus, changes in the off-shelf transport of AABWor on-
shelf transport of CDWorAASWcan have implications
well beyond the local environs of the Ross Sea.
The CDW along the continental shelf break of the
Ross Sea separates from the Antarctic Circumpolar
Current, which is well north of the shelf break in this
sector, and flows to the west as the southern limb of
the Ross Gyre (Orsi and Whitworth 2005; Orsi and
Wiederwohl 2009). On-shelf intrusions of this water
mass occur primarily along the eastward side of north–
south troughs that cross the continental shelf (Orsi and
Wiederwohl 2009; Kohut et al. 2013). Once on the shelf,
vertical mixing modifies CDW to produce a cooler and
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saltier form, modified CDW (MCDW; Jacobs and
Giulivi 1999; Gordon et al. 2000; Orsi and Wiederwohl
2009). Sea ice formation converts the waters advected
onto the shelf (MCDW and AASW) into SW, which
is apportioned into high-salinity shelf water (HSSW)
on the western part of the shelf (S . 34.62; Orsi and
Wiederwohl 2009) and low-salinity shelf water (LSSW).
The mixture of meltwater from the base of the floating
RIS with other shelf waters forms ice shelf water (ISW),
which is identifiable by temperatures below the surface
freezing point (,21.958C).
A portion of the AASW (Whitworth et al. 1998) en-
ters the eastern Ross Sea near Cape Colbeck (Fig. 1) as a
narrow coastal current. This flow transports fresher
surface waters from the Amundsen Sea, which may be
changing salinity as a result of increased basal melt of ice
shelves in the Amundsen Sea (Jacobs et al. 2002; Jacobs
and Giulivi 2010; Nakayama et al. 2014). The observed
freshening of 0.03 decade21 over the southwestern
continental shelf of the Ross Sea over the last 50 years is
thought to result from this input (Jacobs et al. 2002;
Jacobs and Giulivi 2010; Budillon et al. 2011; Comiso
et al. 2011; Nakayama et al. 2014; Schmidtko et al. 2014).
Continued input of lower-salinity water will alter shelf
water stratification, potentially changing the properties
of bottom and deep waters formed in this region (Aoki
et al. 2005; Rintoul 2007; Jacobs and Giulivi 2010;
Shimada et al. 2012; Purkey and Johnson 2013).
Water mass formation processes in the Ross Sea are
modulated by sea ice extent, duration, and the presence
of polynyas. Sea ice extent in the Ross Sea sector of the
Southern Ocean (including the continental shelf and the
abyssal ocean out beyond the Ross Gyre) has increased
during the past 35 years (;5% decade21; Comiso et al.
2011). Over the Ross Sea continental shelf, the duration
of the summer ice-free period has decreased (Parkinson
2002; Stammerjohn et al. 2008, 2012), ice production of
the Ross Sea polynya has increased (Comiso et al. 2011),
and sea surface temperature has decreased (Comiso
2010; Comiso et al. 2017). These changes have been at-
tributed to increased strength of the cold southerly
winds that extend over the RIS and the continental shelf
(Turner et al. 2009; Holland and Kwok 2012; Turner
et al. 2016), which in turn have been linked to changes in
the ozone hole over Antarctica (Turner et al. 2009) and
deepening of the Amundsen Sea low in response to
variability in the tropical Pacific Ocean (Ding et al.
2011) and the north and tropical Atlantic Ocean (Li
et al. 2014).
In contrast with the recent trends, air temperatures
over the Ross Sea are predicted to increase in the next
century (approximately 38C by 2100; Bracegirdle and
Stephenson 2012). Coupled with projected changes in
wind strength, this may lead to decreased local sea ice
extent, reduced sea ice season, and longer periods of ice-
free conditions in the Ross Sea (Smith et al. 2014).
Continued freshening of the Ross Sea via remote inputs
will also alter upper-ocean stratification and vertical
mixing. These changes in forcing and local hydrographic
FIG. 1. (top) Southern Ocean showing the Polar Front (dashed
line, approximate position of Antarctic Circumpolar Current),
Ross Gyre (arrows), shelf break (thin black line, 1000-m contour),
floating ice shelves (shaded areas), and Ross Sea model domain
(black box). (bottom) Domain for the Ross Sea model showing
bathymetry (100-m contours to 1000-m depth and 250-m contours
deeper than 1000m) and ice shelves (shaded areas). The two lo-
cations used for examining shelf break current (see Table 5) are
noted by triangles.
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structure will potentially alter the circulation and water
formation processes in the Ross Sea, but the extent to
which this will happen is unknown.
The objective of this study is to investigate the
changes in ocean circulation that are occurring in re-
sponse to strengthening winds over the Ross Sea and the
sensitivity of the circulation to projected winds, atmo-
spheric temperatures, and freshwater inflow. This is
addressed using a 5-km horizontal resolution coupled
ocean–sea ice–ice shelf model of the Ross Sea
(Dinniman et al. 2007, 2011; Stern et al. 2013;Mack et al.
2017) that is forced by prescribed changes to present
wind and atmospheric temperature fields and by pro-
jected winds and air temperatures from one IPCC
Fourth Assessment Report (AR4) climate model. An-
alyses of the simulation output quantify the effects of
modified forcing on the Ross Sea circulation, water
masses, and the RIS basal melt.
2. Circulation model and experiments
a. Model structure
The Ross Sea circulation model is an implementation
of the Regional Ocean Modeling System (ROMS),
which is a primitive-equation, finite-difference model
with a terrain-following vertical coordinate system
(Haidvogel et al. 2008; Shchepetkin and McWilliams
2009). The model domain extends southward to include
most of the cavity underneath the RIS and northward
past the shelf break to 67.58S (Fig. 1). The model uses
5-km horizontal grid spacing and 24 vertical layers with
variable thicknesses that depend on water column depth
and are smaller at the surface and bottom. The model
topography [from the International Bathymetric Chart
of the Southern Ocean (IBCSO; Arndt et al. 2013) and
Bedmap2 (Fretwell et al. 2013); details in Mack et al.
(2017)] includes the elevation of the bedrock and the
base of any floating ice shelves (primarily the RIS).
Sea ice is simulated with a dynamic sea ice model
(Budgell 2005) that is based on two-layer ice thermody-
namics (and a molecular sublayer beneath the sea ice)
described by Mellor and Kantha (1989) and Häkkinen
and Mellor (1992). A snow layer is included, as well as a
conversion of snow to ice when the snow–ice interface
is below sea level, along with a simple estimate of frazil
ice production (Steele et al. 1989). Ice dynamics are
based on an elastic–viscous–plastic rheology (Hunke and
Dukowicz 1997; Hunke 2001). The ice model has one
thickness category, which is adequate because of the
limitedmultiyear ice in theAntarctic (Comiso 2010). This
sea ice model has been shown to accurately simulate sea
ice concentrations in the Ross Sea (Stern et al. 2013) and
in other regional implementations around Antarctica
(Dinniman et al. 2011, 2015).
The model ice shelves are static; thinning (or thicken-
ing) of the ice shelf and iceberg calving are not included.
The mechanical and thermodynamic interactions be-
tween the floating RIS and the water cavity underneath
(Holland and Jenkins 1999; Dinniman et al. 2011) are
included as model processes. Open ocean momentum,
heat, and freshwater (imposed as a salt flux) fluxes are
calculated from the COARE version 3.0 (COARE 3.0)
bulk flux algorithm (Fairall et al. 2003), and there is no
relaxation of surface temperature or salinity to a specified
field. Vertical momentum and tracer mixing were com-
puted using the K-profile parameterization (KPP; Large
et al. 1994) but modified such that the surface boundary
layer depth under stabilizing conditions with nonzero
surface shortwave flux is set to aminimumdepth, equal to
the directly wind-forced minimum depth under stable
conditions in a Kraus–Turner bulk mixed layer model
(Niiler and Kraus 1977; Dinniman et al. 2012). Ocean
tides are not included in these simulations.
b. Simulations
All simulations used in this study start from the end of
the same 6-yr model initialization and spinup simulation
(Dinniman et al. 2011). Lateral boundary conditions for
ice concentration are from monthly data for 1999–2014
from passive microwave satellite observations (SSM/I)
and are applied as a fixed value at any boundary point
where the computed ice velocity is into the model do-
main.Monthly climatologies of temperature and salinity
from the World Ocean Atlas 2001 (WOA01) and baro-
tropic velocities from the Ocean Circulation and Cli-
mate Advanced Modelling project (OCCAM; Saunders
et al. 1999) are also used on the lateral open boundaries.
Two sets of simulations were performed. For the first set
(Table 1), a base simulation was obtained using 6-hourly
winds and air temperatures and monthly humidity and
TABLE 1. Summary of prescribed forcing simulations. The cur-
rent winds and atmospheric temperatures are the ERA-Interim
values for 1999–2014. Modifications to the current wind fields
consisted of scaling each wind component by a constant factor that
decreased the wind strength by 20% (0.8) or increased it by 20%
(1.2). Modifications to the current atmospheric temperatures con-
sisted of reducing the forcing temperature at every grid point for
every time step by 1.08C.
Simulation Wind strength Atmospheric temperature
Base Current Current
Wind*0.8 Current 3 0.8 Current
Wind*1.2 Current 3 1.2 Current
T21.0C Current Current 2 1.08C
T21.0C1 Current 3 1.2 Current 2 1.08C
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sea level pressure from ERA-Interim (Dee et al. 2011).
Computed coastal precipitation around Antarctica is af-
fected by atmospheric model resolution (e.g., van Lipzig
et al. 2004). Therefore, a monthly climatology of pre-
cipitation derived from forecasts from the Antarctic
Mesoscale Prediction System (AMPS; Powers et al. 2003;
Bromwich et al. 2005), which uses a mesoscale meteo-
rological model to compute high-resolution atmospheric
forecast fields for operational use in Antarctica, was used
instead of the ERA-Interim precipitation. ERA-Interim
also overestimatesmean clouds over the Southern Ocean
south of 608S (Naud et al. 2014), so a monthly cloud
fraction climatology from the International Satellite
Cloud Climatology Project stageD2 (ISCCPD2; Rossow
et al. 1996) was used. The base simulation (Base; Table 1)
was run for 15 years, starting from the end of the 6-yr
spinup simulation, with forcing from 15 September 1999
to 15 September 2014.
Other simulations were forced with modified wind
and/or air temperature distributions (Table 1) and run
for 15 years. Changes to the wind fields were imposed
by scaling each component of the ERA-Interim winds
(Fig. S1 in the supplemental material) by a constant
factor, either 0.8 (Wind*0.8; Table 1) or 1.2 (Wind*1.2;
Table 1), to provide a 20% decrease and increase in
wind speed, respectively. The upper limit approxi-
mates the change expected if the currently observed
mean increase in winds over the Ross Sea [;1.5%–
2.5% decade21; Fig. 1 in Zhang (2014)] continued for a
century. Air temperature was modified by uniformly
decreasing the atmospheric temperature by 18C over
the entire model domain (T21.0C; Table 1), which is
meant to represent an observed cooling over the
coastal Ross Sea [e.g., Fig. 7 in Comiso et al. (2017)].
The final simulation (T21.0C1; Table 1) included the
combined effects of increased winds (multiplied by 1.2)
and decreased atmospheric temperatures (21.08C),
which represents enhanced cold southerlies over the
Ross Sea.
A second set of simulations (Table 2) compared the
effects of current and projected wind and air temperature
distributions. Some of these simulations are similar to
shorter simulations described in Smith et al. (2014). The
current conditions simulation (Twentieth century; Table 2)
used daily winds for September 1985 through September
2000 obtained from the MPI ECHAM5 climate model
(Jungclaus et al. 2006) twentieth-century experiment,
which is one of the best-performing AR4 climate models
in the Antarctic (Connolley and Bracegirdle 2007). A
comparison of the twentieth-century ECHAM5 wind
fields with the ERA-Interim winds over the Ross Sea
showed that the mean structure of the winds was simi-
lar, except for the ERA-Interim winds generally being
stronger near the coast and RIS Front.
As described in Smith et al. (2014), the twentieth-
century daily air temperatures from ECHAM5 are often
much colder than reanalysis temperatures over the Ross
Sea (summer climatology differences of up to 88C), es-
pecially near the coast and RIS Front. Simulations using
the ECHAM5 twentieth-century temperatures did not
produce a significant summer expansion of the Ross Sea
polynya. Therefore, a monthly climatology constructed
from the ERA-Interim air temperatures over the 15-yr
simulation was used as forcing for the twentieth-century
simulation (details in Smith et al. 2014). The other forcing
fields were the same as those in the first set of simulations.
The projected forcing simulations were run for two
15-yr periods that correspond to the middle (September
2046–September 2061) and end (September 2085–
September 2100) of the twenty-first century using daily
winds from phase 3 of the Coupled Model Intercom-
parison Project (CMIP3) A1B emissions scenario of the
ECHAM5 model. Monthly climatologies of the differ-
ence between the ECHAM5 A1B and the ECHAM5
twentieth-century air temperatures were computed
and added to the ERA-Interim climatology to create
forcing fields for the projected forcing simulations. The
adjusted air temperatures were 2.018 6 1.478C warmer
TABLE 2. Summary of the wind and atmospheric temperature forcing fields and imposed boundary freshening used for the climate model
forced simulations.
Simulation Winds Atmospheric temperature Boundary freshening
Twentieth
century
Daily ECHAM5 twentieth-century
run (Sep 1985–Sep 2000).
ERA-Interim monthly climatology (1985–2000). No
2050 Daily ECHAM5 A1B scenario
(Sep 2046–Sep 2061).
ECHAM5 A1B (Sep 2046–Sep 2061) anomaly relative
to twentieth century plus ERA-Interim climatology.
No
2050F Daily ECHAM5 A1B scenario
(Sep 2046–Sep 2061).
ECHAM5 A1B (Sep 2046–Sep 2061) anomaly relative
to twentieth century plus ERA-Interim climatology.
Yes
2100 Daily ECHAM5 A1B scenario
(Sep 2085–Sep 2100).
ECHAM5 A1B (Sep 2085–Sep 2100) anomaly relative
to twentieth century plus ERA-Interim climatology.
No
2100F Daily ECHAM5 A1B scenario
(Sep 2085–Sep 2100).
ECHAM5 A1B (Sep 2085–Sep 2100) anomaly relative
to twentieth century plus ERA-Interim climatology.
Yes
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for 2046–61 (2050 and 2050F simulations; Table 2) and
3.428 6 2.098C warmer for 2085–2100 (2100 and 2100F
simulations) relative to the twentieth-century air tem-
peratures over the Ross Sea model domain.
Observations (Jacobs and Giulivi 2010; Comiso et al.
2011) and models (Nakayama et al. 2014) suggest that
much of the Ross Sea freshening originates in the
Amundsen–Bellingshausen Sea and is transported into the
eastern Ross Sea. In previous simulations (Smith et al.
2014), this observed freshening was simulated by uni-
formly reducing the salinity along all lateral model
boundaries by 0.12 throughout the water column. How-
ever, here (2050F and 2100F; Table 2), we increase the
salinity reduction at the open boundaries to 0.20 (still
throughout the entire water column), but it is applied only
at the eastern andwestern boundaries over the continental
shelf and slope (linearly decreased to zero between 1000-
and 3000-m depth). Using the boundary condition veloci-
ties on the eastern boundary (which generally flow into the
model domain) results in an approximate increased
freshwater flux of 347Gtyr21. The mean salinity over the
continental shelf adjusts to the new boundary values in
3–4yr (not shown), and the mean freshening of the shelf
waters (;0.11–0.12) approximately matches the observed
level of freshening of the Ross Sea (20.03 decade21
near Ross Island, 20.04 decade21 in MCDW near the
RIS, and 20.08 decade21 above 200m along the RIS
and near the slope front; Jacobs and Giulivi 2010).
A dye tracer (initial concentration of 100 arbitrary
dimensionless units) is placed off the continental shelf
(defined by the 800-m isobath) at the end of the 6-yr
model spinup at any depth with temperature greater
than 0.08C (indicator of CDW) and used to track the
transport of CDW [see Fig. 7 in Dinniman et al. (2011)].
Once a simulation is initiated, the dye tracer advects and
diffuses, providing the temporal evolution of the input
and distribution of CDW on the Ross Sea continental
shelf. The off-shelf dye source at the open boundaries
provides a continuous source to the model domain.
There are no surface or bottom fluxes of dye, and there
are no sinks of dye other than advection out of themodel
domain at the open boundaries. To show differences in
the transient spinup response to different forcings, as
well as the steady-state differences, all the averages are
computed from the entire 15 yr of each model run.
3. Effects of prescribed atmospheric changes
a. Effect on sea ice
In the base simulation, the entire Ross Sea continental
shelf (0.43 3 106 km2) is almost fully covered by sea ice
for most of the year (Fig. 2), with the decrease in ice area
in the austral summer representing the expansion of the
Ross Sea polynya. The simulated sea ice area matches
observed sea ice area derived from Special Sensor Mi-
crowave Imager (SSM/I) observations (Fig. 2). In some
years, expansion of the simulated Ross Sea polynya is
late relative to observations, but the summer minimum
and fall ice advance match observations, capturing the
primary seasonal response [r5 0.953; skill score5 0.970
(Willmott 1981)]. The interannual variations in the
summer polynya extent also match observations (Fig. 2)
as indicated by comparison of the interannual anomalies
(computed by removing the average seasonal cycle)
of the simulated and observed sea ice distributions
(r 5 0.771; skill score 5 0.860).
The Ross Sea continental shelf is a net producer of sea
ice, with much of the ice created in coastal polynyas
(primarily the Ross Sea polynya; Fig. 3) during winter.
Some of the newly formed sea ice is melted in situ during
summer, but more export than import of ice occurs over
the course of the year (Kwok 2005; Martin et al. 2007;
Comiso et al. 2011). The total volume flux over the
continental shelf between the ocean and the ice (i.e., ice
FIG. 2. Monthly simulated and observed SSM/I (dashed–dotted
line) sea ice area (106 km2) calculated for the continental shelf for
the Base case 1999–2014 simulation. Note that the area of the en-
tire open continental shelf is 0.43 3 106 km2.
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created/removed by thermodynamic effects and not by
advection or deformation) is approximately 780km3yr21
for the entire base simulation (Table 3) and approxi-
mately 830km3yr21 for 2004 and 2005. The simulated
flux for 2004 and 2005 is similar to observation-based
estimates for the same period (winters 2004 and 2005) for
net ice export [;800km23 yr21; Fig. 12a in Comiso et al.
(2011)] and polynya ice production [;640km3yr21;
Fig. 13 in Comiso et al. (2011)].
There is a great deal of interannual variability in the
summer sea ice extent (Figs. 2 and 4), but a 20% increase
in wind strength slightly increases the mean extent (i.e.,
less summer sea ice area) and duration of the summer-
time Ross Sea polynya, while a 20% decrease has the
opposite effect (Fig. 4). Differences in the minimum sea
ice area between the base simulation and simulations
where only the winds were changed are not statisti-
cally significant, but differences in open water dura-
tion (time of ice area ,2 3 105 km2) are significant
(p, 0.05). Increased wind strength enhances advection
of ice off the continental shelf but also significantly
increases thermodynamic production of ice (Table 3).
Decreased wind strength reduces the thermodynamic
creation of ice (Table 3). A reduction in atmospheric
temperature of 18C increases summer ice extent and
thermodynamic ice production (Table 3) and reduces
the duration of the summer open water area (Fig. 4). A
20% increase in the wind speed, combined with a de-
crease in air temperature, leads to a small net increase in
the summer sea ice extent (Fig. 4) and to a greater in-
crease in thermodynamic ice production (Table 3).
b. Effect on water mass transport and volume
TheRoss Sea circulationmodel accurately simulates the
locations of the CDW intrusions [e.g., Fig. 7 in Dinniman
et al. (2011); see Fig. S2 in the supplemental material].
Observation-based estimates of total CDW transport
onto the Ross Sea continental shelf are limited to a few
locations and short periods. The simulated MCDW trans-
port along the western slope of Pennell Bank over a
2-week period in the summer of 2011 [0.22 6 0.03 Sv
(1Sv [ 106m3 s21); McGillicuddy et al. 2015, see their
FIG. 3. Distribution of the simulated net annual sea ice production (m yr21) over the model
continental shelf for the Base case simulation.
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supplemental material] matched observations made at this
location over the same period (0.24Sv; Kohut et al. 2013),
suggesting that the volume input is realistically captured in
the simulations. This agreement supports using simulated
dye tracer distributions to represent the volume flux of
CDW onto the Ross Sea continental shelf.
For the base simulation, dye input to the Ross Sea
continental shelf leads to an increase in the dye con-
centration until it reaches an approximate steady state
after about six years (Fig. S3 in the supplemental ma-
terial), when the transport of dye off the shelf (either in
the surface layers over the shelf break or at depth at the
westernmodel open boundary) balances the transport of
dye onto the shelf. Six years approximately matches
estimates of the residence time of waters on the Ross
Sea continental shelf [e.g., four years in Trumbore et al.
(1991)]. A 20% reduction or increase in wind strength
decreased and increased, respectively, the flow of water
in the shelf break current and the CDW input to the
continental shelf (Table 3). A reduction in atmospheric
temperature also produces an increase in CDW input
relative to the Base case (Table 3). The largest input of
CDW relative to the Base case is obtained from the
combination of increased wind strength and reduced
atmospheric temperature (Table 3).
CDW typically flows onto the Ross Sea continental
shelf below 200m (Orsi and Wiederwohl 2009), so the
presence of CDW dye in the upper part of the water
column over the shelf results from both advection and
vertical mixing. Vertical mixing was estimated from the
simulated dye concentration in the upper 50m of the
water column and the vertical diffusive heat flux across
200m (Table 3). As with the total water column CDW,
strengthening winds and decreasing air temperature
both lead to an increase in the CDW in the upper water
column over the continental shelf (Table 3). The shelf-
averaged heat flux through 200m (Table 3) shows
increased vertical mixing from increased wind and
decreased air temperature.
The volume of HSSW (defined by salinity.34.62 and
temperature ,21.858C) in the Ross Sea is estimated
from observations to be 7.16 3 104 km3 (Orsi and
Wiederwohl 2009). Using the same criterion, the mean
volume of HSSW estimated from the base simulation is
4.64 3 104 km3, which is about 35% lower than the Orsi
and Wiederwohl (2009) estimate, which is based on a
climatology that is heavily weighted by summer obser-
vations. The modeled distribution of HSSW (Fig. S4 in
the supplemental material) is similar to observations
[see Fig. 8 in Orsi and Wiederwohl (2009); note the
observed layer thickness estimate covers water masses
in addition to HSSW], but the layer is thinner. The
simulated HSSW volume exhibits a seasonal cycle,
with a maximum in austral spring (Fig. 5) rather than in
summer, suggesting that too little HSSW is produced in
the simulation. Modified wind strength shifts the timing
of the fall minimum (Fig. 5) and leads to decreases
(reduced winds) or increases (strengthened winds) in
the mean HSSW volume (Table 3). Decreased air
TABLE 3. Results from prescribed forcing model simulations (Table 1). ‘‘Shelf’’ refers to the portions of the Ross Sea continental
shelf not below an ice shelf. Negative heat flux means heat transport toward the ocean surface. Note that a slightly different definition
(T,20.58C and S. 34.65) was used for the HSSW in the off-shelf flux than in the total HSSW volume calculation (which followed Orsi
and Wiederwohl 2009) as a result of the shelf volume definition being too cold for water advecting off the shelf.
Simulation
New ice created
over shelf
(km3 yr21)
Mean dye value
over shelf
(dye units)
Mean dye value
over shelf
(top 50m;
dye units)
Mean heat flux
through 200m
over shelf
(Wm22)
Mean HSSW
volume
(104 km3)
Mean HSSW
flux off
shelf (Sv)
Mean RIS basal
melt rate
(cmyr21/Gt yr21)
Base 779 33.4 29.3 23.76 4.64 1.20 21.1/91.1
Wind*0.8 485 30.0 24.9 22.26 4.15 0.74 18.8/81.4
Wind*1.2 1032 35.8 32.6 26.31 5.23 1.66 23.0/99.2
T21.0C 833 35.1 31.6 23.93 4.94 1.31 20.0/86.3
T21.0C1 1097 38.5 35.7 26.54 5.49 1.73 21.8/94.0
FIG. 4. Climatology over the entire 15 years of the simulated
(different colored solid lines) and monthly observed SSM/I
(dashed–dotted line) sea ice area (106 km2) calculated for the
continental shelf for the prescribed change simulations (Table 1).
The range of the summer minimum ice area is shown for each
simulation and SSM/I (vertical bars).
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temperature also produced an increase (Table 3) in the
mean volume of HSSW. The relative effect of modified
environmental forcing is also apparent in the off-shelf
flux of HSSW (calculated by summing the volume fluxes
across the shelf break in any model grid cells at the shelf
break where the top of the grid cell is below 200m, the
temperature is less than 20.58C, and the salinity is
greater than 34.65), which increased with increasing
wind strength and decreasing air temperature (Table 3).
c. Effect on Ross Ice Shelf basal melt
The RIS basal melt rate climatology constructed from
the base simulation shows an annual cycle with a maxi-
mum in summer and mean of 21.1 cmyr21 (91.1Gt yr21;
Fig. 6 and Table 3), which is at the upper range of ob-
served melt rate estimates of 6–22 cmyr21 (Jacobs et al.
1992; Smethie and Jacobs 2005; Loose et al. 2009; Rignot
et al. 2013; Depoorter et al. 2013; Liu et al. 2015). The
spatial distribution of the mean basal melt rate (Fig. 7)
qualitatively matches satellite-based estimates (Moholdt
et al. 2014) with higher melt rates at the ice shelf front,
immediately east of Ross Island, where Byrd Glacier
feeds into the ice shelf (immediately south of 808S on the
west side of the ice shelf) and in the extreme southern
end of the cavity. Modifications to the winds produce
increases (strongerwinds) and decreases (weakerwinds)
in the basal melt (Fig. 6 and Table 3) that occur
throughout the year. The stronger winds increase the
transport of the relatively warm CDW onto the conti-
nental shelf (Table 3), which delivers more heat to the
cavity beneath the RIS throughout the year. Decreased
atmospheric temperature decreases basal melt rate in
the summer, but the melt rate is similar to that obtained
from the Base case the rest of the year (Fig. 6). The
spatial differences in the annual averaged basal melt
(Fig. S5 in the supplemental material) are mostly along
the ice shelf front or along a pathway from the open
ocean along the northwestern edge of the RISwhen only
atmospheric temperatures are modified, but some of the
differences are moved farther into the cavity when just
the winds are changed.
4. Effects of projected climate scenarios
a. Effect on sea ice
The simulated sea ice area obtained using the
ECHAM5 winds is similar to that obtained from the
prescribed forcing cases, showing maximum extent in
austral winter and decreases with the seasonal expan-
sion of the Ross Sea polynya (Fig. 8). However, the
twentieth-century simulation has excess ice in summer,
and the Ross Sea polynya expands later in the year,
compared to observations (Fig. 8) and the Base case
simulation with the prescribed forcing (Fig. 4). This
difference possibly results from the lower resolution of
the ECHAM5 winds (spectral T63 at ;1.8758) relative
to the ERA-Interim winds (;80 km). The winter sea ice
concentration for 2050 is similar to the Twentieth cen-
tury case, but with a summer decrease that is 40% larger
(Fig. 8). There is also significantly lower (16%; Table 4)
net production of ice over the shelf by 2050.
The timing of the summer polynya formation is shif-
ted with an extension of the period of open water over
much of the shelf by approximately 25 days (Fig. 8). The
trend continues in the 2100 simulation, with the ice-free
area being slightly greater and remaining longer (Fig. 8),
and a further small (4%) reduction in the net production
of ice over the shelf (Table 4). The addition of fresh-
ening to the 2050 and 2100 simulations results in almost
FIG. 5. Climatology of modeled volume of HSSW on the Ross Sea
continental shelf over the entire 15 years of the prescribed change
simulations. The dashed–dotted line is the estimate (7.163 104 km3)
fromOrsi andWiederwohl (2009). The range of theminimumHSSW
volume is shown for each simulation (vertical bars).
FIG. 6. Climatology over the entire 15-yr simulation of the area-
averaged RIS basal melt rate (cm yr21) for the prescribed change
simulations. The numbers given in parentheses are the average
melt rate calculated for each simulation.
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no additional change in the sea ice extent (Fig. 8), but it
does increase the net production of sea ice over the
continental shelf (Table 4).
b. Effect on water mass transport and volume
The simulated mean dye concentration transported
onto the continental shelf approaches steady state after a
little over four years for all the projected change simu-
lations (not shown). The 2050 simulation has less trans-
port of CDW onto the continental shelf relative to the
twentieth century (Table 4). TheCDWtransport onto the
continental shelf resulting from 2100 conditions is similar
to the transport obtained for 2050 conditions (Table 4).
The vertical mixing of CDW into the upper part of the
water column over the continental shelf (Table 4) is
reduced for 2050 conditions relative to the twentieth-
century simulation, and the 2100 conditions produce
results similar to those from the 2050 simulation.
Freshening of the Ross Sea combined with 2050
forcing significantly reduces themeanCDW transported
onto the shelf relative to the equivalent simulation with
no freshening (Table 4). The addition of freshening to
2100 conditions also significantly reduces the CDW
transport onto the shelf (Table 4 and Fig. S2). The re-
duction in salinity over the continental shelf and slope,
with a lesser reduction in the off-shelf salinity (Fig. S6 in
FIG. 7. Mean basal melt rate (cm yr21) obtained from the Base case simulation.
FIG. 8. Climatology of simulated and observed (SSM/I) sea ice area
over the Ross Sea continental shelf for the AR4 forced simulations
(Table 2). The climatology for the model cases is over the 15 years in
each simulation, and that of the SSM/I is over the same 15-yr time
period as the Twentieth century case. The range of the summer mini-
mum ice area is shown for each simulation and SSM/I (vertical bars).
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the supplemental material), can lead to a slowing of the
shelf break current at depth in the western Ross Sea
(Fig. S7 in the supplemental material) and a reduction
(.60% in some locations) in the vertical shear of the
shelf break current (Table 5) caused by the decreased
cross-front density difference (Fig. S6). The reduced
shelf break current at the level of the CDW intrusions
leads to the reduced CDW transport onto the shelf
with the addition of freshening. The CDW flux into
the upper water column is reduced with the addition
of freshening, indicating reduced vertical mixing
(Table 4). This reduction is shown more explicitly by
examining the differences in heat flux through 50 and
200m (Table 4).
The HSSW volume produced by the ECHAM5 forc-
ing (Fig. 9 and Table 4) is slightly less than that from the
Base case (Fig. 5 and Table 3). The 2050 and 2100 con-
ditions produced a smaller mean HSSW volume (Fig. 9
and Table 4), with a shift in the timing of minimum
volume to later in the fall. The addition of freshening
further reduced the mean and maximum HSSW vol-
umes, and although the minimum volume does not
change much, the timing of the minimum volume shifts
to later in the fall. The flux of HSSW off the continental
shelf, which affects the formation of AABW, is reduced
for 2050 and 2100 conditions (Table 4), and the addition
of freshening further reduces the off-shelf transport
greatly, by as much as 59%.
c. Effect on Ross Ice Shelf basal melt
The simulated mean melt rate over the entire base of
the RIS obtained using twentieth-century ECHAM5
wind and atmospheric conditions shows an annual cycle
with a summermaximum (Fig. 10) andmean (17.4 cmyr21;
Table 4) that is less than that in the prescribed forcing
Base case (21.1 cmyr21; Table 3). The 2050 and 2100
conditions produced small increases in the mean basal
melt (19.0 and 19.6 cmyr21; Table 4), with almost all the
increase occurring during the summer (Fig. 10). The ad-
dition of freshening slightly increases the basal melt rate
(19.9 and 20.3 cmyr21; Table 4), with the additional in-
crease also occurring in the summer. The increased
summer atmospheric temperatures in 2050 and 2100
lengthen the period of open water in front of the RIS
TABLE 4. As in Table 3, but for results from climate model forced simulations (Table 2).
Simulation
New ice
created
over shelf
(km3 yr21)
Mean dye
value
over shelf
(dye units)
Mean dye value
over shelf
(top 50m;
dye units)
Mean heat flux
through 200m
over shelf
(Wm22)
Mean heat
flux through
50m over
shelf (Wm22)
Mean
HSSW
volume
(104 km3)
Mean
HSSW flux
off shelf
(Sv)
Mean RIS
basal melt rate
(cmyr21/Gt yr21)
Twentieth
century
779 31.1 26.5 22.11 222.6 4.47 1.13 17.4/75.1
2050 657 26.5 21.1 21.95 218.7 3.99 0.91 19.0/82.3
2100 630 26.8 21.5 21.99 218.7 3.88 0.85 19.6/84.7
2050F 820 15.6 11.1 21.38 215.0 3.69 0.53 19.9/86.1
2100F 772 16.3 11.6 21.38 215.1 3.64 0.46 20.3/87.6
TABLE 5. Effect on shelf break current due to freshening. Lo-
cation refers to whether upstream of Drygalski Trough (DT) or
Glomar Challenger Trough (GCT); see Fig. 1 for location. Vertical
speed difference is the reduction in the mean along slope westward
current frommodel layer 4 (above themodel bottomEkman layer)
upward to model layer 18 (below the model surface Ekman layer).
Simulation Location
Mean depth-averaged
westward velocity and
std dev (cm s21)
Vertical speed
difference
(cm s21)
2050 DT 13.8 6 2.7 19.5
2050F DT 14.3 6 2.3 14.0
2050 GCT 7.5 6 2.9 12.7
2050F GCT 6.0 6 2.6 4.7
2100 DT 13.8 6 2.8 19.8
2100F DT 14.4 6 2.5 14.1
2100 GCT 7.8 6 3.0 13.1
2100F GCT 6.0 6 2.5 5.2
FIG. 9. Climatology of modeled volume of HSSW for the AR4
forced simulations. The climatology for the model cases is over the
15 years in each simulation. The dashed–dotted line is the estimate
(7.16 3 104 km3) from Orsi and Wiederwohl (2009). The range
of the minimum HSSW volume is shown for each simulation
(vertical bars).
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(Fig. 8) and increase the temperature of the summer
surface water in the polynya, which in turn increases the
summer melt, primarily near the ice shelf front (Fig. 11)
but has little impact the rest of the year.
Freshening of the Ross Sea reduces the transport of
CDW onto the continental shelf (Table 4), but it also
reduces the vertical mixing of MCDW into surface
waters over the continental shelf, resulting in less heat
removal from the MCDW (Table 4). These two effects
have different time scales. The reduced vertical mixing
due to freshening is an almost immediate effect, pro-
ducing an initial increase (2.2 cmyr21 over the first
four years) in the basal melt relative to 2050 and 2100
conditions without freshening. At longer time scales,
the reduction in CDW transport onto the shelf even-
tually balances most of the reduced mixing out of
MCDW heat, which results in a small net change in the
basal melt.
5. Discussion
a. Effect on sea ice
The prescribed forcing cases showed that increased
wind speed, with no other atmospheric changes, reduced
summer sea ice concentrations over the Ross Sea con-
tinental shelf and increased the duration and extent of
summer open water. As the observed southerlies over
the Ross Sea have strengthened in recent years (Turner
FIG. 10. As in Fig. 6, but for the AR4 forced simulations.
FIG. 11. Average over the entire 15-yr simulation of the difference in basal melt rate (cm yr21)
between the 2100 case and the Twentieth century case.
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et al. 2009; Fan et al. 2014; Zhang 2014), this simulated
response seems counterintuitive relative to recent ob-
served decreases in summer open water (Stammerjohn
et al. 2012). However, between 1992 and 2013, small
increases in the number of ice-free days within the Ross
Sea and Terra Nova Bay polynyas have been observed
(Schine et al. 2016). Also, sea ice extent is influenced by
air temperature as well as wind strength. The recent
wind changes over the Ross Sea represent an increase in
cold, southerly winds blowing over the Ross Ice Shelf
before crossing the Ross Sea. Stronger winds result in
colder atmospheric temperatures and lead to the ob-
served cooling and enhanced ice formation (Comiso
2010; Comiso et al. 2017). Simulations that combined
increased wind strength with spatially uniform decreases
in the air temperatures produced realistic increases in
summer sea ice concentrations.
The projected forcing scenarios for 2050 have stronger
southerlies over most of the Ross Sea continental
shelf (Fig. S8 in the supplemental material) but warmer
atmospheric temperatures. The warmer summer tem-
peratures dominate the sea ice response, producing in-
creases in the duration and extent of the summer open
water. Thus, projected sea ice responses in the Ross Sea
are dependent on processes that moderate atmospheric
temperatures, such as increasing greenhouse gases (e.g.,
Dwyer et al. 2012), rather than local atmospheric ad-
vective cooling.
b. Effect on HSSW volume and transport
The simulated HSSW volume is low relative to that
estimated from observations (Fig. 5). The ERA-Interim
winds used to force the model do not capture the
strongest wind events in the Ross Sea (Dale et al. 2017;
Mack et al. 2017), which limits simulated summer mixed
layers (Mack et al. 2017) and likely limits modeled Ross
Sea polynya extent (Dale et al. 2017) and maximum sea
ice production in winter. However, the simulated net
local ice production agrees somewhat with observations,
suggesting that the discrepancy may also result from
inaccuracies in the simulated volume of freshwater
coming onto the shelf. Nevertheless, the prescribed
forcing simulations showed that increasing the wind
strength and decreasing the atmospheric temperature
both increased the volume of HSSW on the shelf. The
2050 and 2100 conditions result in a smaller mean sim-
ulated volume of HSSW than obtained for twentieth-
century conditions (Fig. 9 and Table 4). Freshening of
the Ross Sea at the boundaries leads to shelfwide
freshening at depth (Fig. S6) and further reduces the
HSSW volume.
Tides at the Ross Sea shelf break enhance mixing of
shelf waters withCDWand, thus, are key contributors to
AABW formation in this region (Whitworth and Orsi
2006; Padman et al. 2009). The Ross Sea circulation
model used in this study does not include tides, which
affects estimates of AABW formation for the different
forcing scenarios. However, the off-shelf transport of
HSSW, a precursor of AABW formation, can be esti-
mated from the simulations and used to infer changes in
AABW formation. For the prescribed forcing simula-
tions, increasing wind strength increased the flux of
HSSW off the shelf, which is consistent with observa-
tional (Gordon et al. 2015) and model (Stewart and
Thompson 2012, 2013) results that show that the mag-
nitude of the winds along the shelf break is an impor-
tant factor in the export of shelf water from the Ross
Sea. However, Gordon et al. (2015) proposed that a
strengthening of the polar easterlies actually reduces the
off-shelf flux of HSSW. The flux of HSSW off the con-
tinental shelf is reduced in simulations that used the
2050 and 2100 conditions. The addition of freshening
further reduced the off-shelf HSSW by as much as 59%.
This implies that freshening of the Ross Sea, rather than
warming atmospheric temperatures, is potentially the
largest contribution to reductions in AABW formation
through its effect on HSSW formation. The observed
decrease in the volume of AABW created near the Ross
Sea since the 1980s has been attributed to freshening of
the Ross Sea (Rintoul 2007; Purkey and Johnson 2012;
Shimada et al. 2012).
c. Effect on RIS basal melt
Colder atmospheric temperatures reduce the summer
open ocean area adjacent to the ice shelf, allowing the
surface water adjacent to the RIS to be colder during
summer. The surface water that is then transported
underneath RIS contains less heat, leading to a re-
duction in the summertime basal melt rate. Observa-
tions show that seasonal temperature changes in the
surface waters north of the RIS have a significant effect
on changing the basal melt along the RIS Front (Horgan
et al. 2011; Arzeno et al. 2014) and underneath the
McMurdo Ice Shelf (adjacent to the northwest corner of
the RIS; Robinson andWilliams 2012; Stern et al. 2013).
These observations support the simulation results
showing that changes in atmospheric temperatures in-
fluence the RIS melt (at least near the RIS Front)
through modifications to surface waters adjacent to
the RIS.
Simulations with the Ross Sea circulation model that
include tides show increased mean basal melt rates of
approximately 25%–30% (Arzeno et al. 2014) and ap-
proximately 15% (Mack 2017). This tidal enhancement
can modify the magnitude of the simulated basal melt
rates obtained in this study. The potential effects of tides
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on CDW import and HSSW export for present and
projected atmospheric and ocean conditions in the Ross
Sea remain to be determined.
The 5-km horizontal resolution of the circulation
model used in this study does not resolve baroclinic
eddies over the continental shelf (Hallberg 2013; Mack
2017) and no eddy parameterization was used. The
formation of eddies along the RIS Front, which is re-
lated to basal melt rate, has been suggested to be im-
portant in the lateral transport of glacial meltwater into
the Ross Sea interior (Li et al. 2017). Resolving these
eddies may contribute to modifications in basal melt
rate, as well as to better understanding of the fate of
glacial meltwater. Increasing the horizontal resolution
of the Ross Sea circulation model to 1.5 km significantly
impacted mesoscale eddy formation (Mack 2017) but
had minimal effect on glacial melt [e.g., Table 5 in Mack
et al. (2017)] or mean summermixed layer depths (Mack
et al. 2017). However, the formation of eddies with the
increased resolution affects other shelf circulation
properties, such as deep winter vertical mixing (Mack
et al. 2017). The effects of these indirect feedbacks be-
tween circulation and basal melt rate remain to be
assessed.
The primary contribution to the basal melt provided
by the idealized stronger winds is advection of more
warm CDW onto the continental shelf, which delivers
more heat to the cavity beneath the RIS throughout the
year. A modeling study (Dinniman et al. 2012) of the
western Antarctic Peninsula (WAP) shelf found that
increased winds could sometimes lead to a decrease in
basal melting (i.e., for the George VI Ice Shelf) because
of heat loss in CDW from vertical mixing during trans-
port across the continental shelf toward the ice shelf
cavity. However, heat loss fromCDWby vertical mixing
on the Ross Sea shelf is larger than along the WAP, and
the relative increase in heat loss with stronger winds is
thus less in the Ross Sea. The increase in advection is
more important to the delivery of CDW/MCDW heat
to the RIS than the increase in vertical mixing. The
simulations with modified atmospheric temperatures
show differences in the annual averaged basal melt
along the ice shelf front or along a pathway from the
open ocean along the northwestern edge of the RIS.
Increasing winds move some of these differences farther
into the ice shelf cavity, suggesting that the effect of
increased winds is to transport MCDW farther into the
RIS cavity. However, observations to confirm this result
are needed.
Timmermann and Hellmer (2013) used ECHAM5
forcing from several AR4 scenarios (including the A1B
scenario), as well as forcing fields from the Hadley
Centre CoupledModel, version 3 (HadCM3), to simulate
conditions through the end of the twenty-first century
using a global ocean–ice model. The simulated RIS melt
showed little change for the ECHAM5-forced simula-
tions, similar to the results shown here, whereas the
HadCM3 scenario simulations all showed increased
RIS melt rates after 2050. This difference is attributed
to a colder and saltier Ross Sea continental shelf,
resulting from more convection on the shelf in the
ECHAM5 simulations relative to the HadCM3 simula-
tions. Timmermann and Hellmer (2013) note that their
results did not provide clear guidance on which model
forcing is more realistic, which underscores the difficulty
in attributing changes that are based on results from
different forcings.
Kusahara andHasumi (2013) forced a circumpolar sea
ice–ice shelf–ocean model with idealized changes in the
air temperatures and, even with a 68C increase in air
temperature [which is greater than the warming in any
of the HadCM3 fields used by Timmermann and
Hellmer (2013)], the increase in basal melt rates for the
RIS was only 7.5%. In their simulation, sea ice forma-
tion over the Ross Sea (and other cold water shelves)
was sufficient to maintain strong convection over the
continental shelf and remove much of the MCDW heat.
Timmermann and Hellmer (2013) noted that both sets
of simulations show that future states of large cold water
ice shelves are dependent on water mass changes pro-
duced by changes in salt input from local sea ice for-
mation on the continental shelf. The simulations from
this study advance this idea by showing that freshening
is a potential significant contributor to increased basal
melt rate of the RIS through its reduction of mixing
and consequent retention of heat by MCDW. However,
this is partially balanced by reduced advection of CDW
onto the continental shelf, which leads to only around a
4%–5% further increase in the basal melt as a result of
the freshening. Nevertheless, consistent with Timmermann
and Hellmer (2013), future changes in RIS basal melt are
likely to result at least as much from changes in local
mixing and its effect on the shelf water masses as from
changes in inputs of warm off-shelf waters.
6. Summary
Atmospheric warming and changes in wind speed
(increases and decreases) and direction are projected for
the Ross Sea over the next century. The prescribed
forcing simulations show that cooler air temperatures
increase the summer sea ice over the continental shelf
and the transport of MCDW to the upper-shelf waters
and imply the opposite (warmer air temperatures reduce
the summer sea ice and the transport of MCDW to the
upper-shelf waters), although this could be balanced by
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changes in winds. Results from simulations forced with
winds and air temperatures from the MPI ECHAM5
model showed reduced summer sea ice, transport of
CDW onto the continental shelf and mixing of MCDW
into the upper waters, and increased basal melt rate of
the RIS by the middle and end of the twenty-first cen-
tury, compared to the end of the twentieth century.
There has also been an observed freshening of the
Ross Sea over the last 50 years, and it has been proposed
that this is a signature of increased meltwater advected
from the Amundsen Sea. A freshening of the water
advected into the model domain for the ECHAM5
simulations did not have a significant effect on the sim-
ulated sea ice extent for the middle and end of the
twenty-first century. However, freshening reduces the
MCDW that is mixed into the upper waters over
the shelf, leading to reductions in the heat lost from the
MCDW on the shelf and the volume of SW produced
and advected off the shelf. The freshening also reduces
the density gradients across the slope front in some
places, thus reducing the transport of CDW and heat
onto the continental shelf. The balance between in-
creased heat retained in the on-shelf MCDW and re-
duced advection of warm CDW onto the shelf is a
critical determinant of the RIS basal melt.
The coupled sea ice–ocean–ice shelf model provided a
view of the range of possible outcomes for a future Ross
Sea in response to projected atmospheric changes. Some
of the simulated outcomes, such as reduced HSSW for-
mation and increased RIS basal melt rate, have important
but poorly constrained consequences for the global ther-
mohaline circulation. The response of the Ross Sea to re-
mote forcing, such as freshening from upstream sources,
requires understanding of its connectivity to other Ant-
arctic coastal regions and land ice and highlights the im-
portance of including realistic lateral boundary conditions
(as opposed to climatological conditions) for limited area
ocean model projections, even for time scales over which
little change in the offshore boundary is expected. Re-
ductions in sea ice and associated changes to upper water
column dynamics are likely to also affect the Ross Sea
ecosystem (Smith et al. 2014; Kaufman et al. 2017).
Thus, the future Ross Sea will be the result of ice–
ocean–atmosphere feedbacks that couple processes at
regional, circum-Antarctic, and global scales.
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